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The behaviour of cancerous epithelial prostatic cells (PC3) growing on polyelectrolytes (PE) coatings was
compared to the behaviour of immortalized normal prostatic cells (PNT-2). The cell behaviour was
evaluated and quantiﬁed in terms of initial cell attachment, growth, metabolic activity, morphometry,
adhesion, apoptosis and stress related gene expression. Both the anionic PSS (poly(sodium 4-
styrenesulphonate))-terminated surface and cationic PAH (poly(allylamine hydrochloride))-terminated
surfaces were not cytotoxic. The initial attachment of cells was better on the PAH-terminated surface
compared to ﬁbronectin. However, the proliferation rate of PC3 cells was reduced on the PAH-terminated
surface and slightly increased on the PSS coatings. Only PAH prevented the clustering phenotype of PC3
and reduced the number of focal adhesion points as compared to ﬁbronectin or PSS coatings. In contrast,
none of the PE surfaces signiﬁcantly affected the biological responses of PNT-2 cells. PAH-terminating
ﬁlms provide a tool to preferentially modulate the growth of some cancerous phenotypes, in this case
as a micro-environment that reduces the growth of metastatic PC3 cells.
 2013 The Authors. Published by Elsevier Ltd. Open access under CC BY-NC-ND license. 1. Introduction
Culturing cells ex vivo that differentiate and maintain in vivo
characteristics holds great promise not only for the fundamental
investigation of cell function but also in tissue engineering and
regenerative medicine [1,2]. The ultimate commitment of a cell to
differentiate, proliferate, migrate, undergo apoptosis or perform
other speciﬁc functions is a well-coordinated response to its
molecular interaction with the components of the extracellular
matrix (ECM) and surrounding cells. Thus an ex vivo culturede Echelle, Biomics, F-38054
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Ltd. Open access under CC BY-NC-ND licenscaffold should mimic both the architecture and differentiated
function of a given tissue while allowing experimental interven-
tion. Progress in biomaterials design and engineering is
converging to enable a new generation of instructive materials to
emerge as candidates for regenerative medicine [3]. Von der Mark
described the ultimate goal in the design of biomimetic materials
for use in tissue engineering is to generate scaffolds with appro-
priate biomechanical and chemical properties to allow the adhe-
sion, ingrowth, and survival of cells [4]. In addition to biochemical
factors, mechanical interactions between cells and extracellular
matrix also inﬂuence tissue architecture and, in the case of
epithelial tissue, promote the polarity and mediate epithelial
lumen formation [5]. More speciﬁcally tumour cells are known to
sense, process and respond to mechanical forces in their envi-
ronment as demonstrated by the effect of extracellular matrix
stiffness on epithelial morphogenesis [6].
The development of new nanotechnologies such as photo- or
electron-beam nanolithography, polymer demixing, nano-
imprinting, compression moulding, or the generation of TiO2
nanotubes of deﬁned diameters (15e200 nm), has provided these. 
Fig. 1. Methodology. A. Schematic of the LbL-assembled PE-coated multiwell cell assays (1 layer on the left, 3 layers on the right). B. Cell counting method. 3 ﬁelds of view for cell
counting were considered in each well, 2 ﬁelds in the opposite side of the well and one in the centre.
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pattern than can elicit tissue-speciﬁc cellular responses by stimu-
lating integrin clustering [4]. However the manufacturing of
biomimetic surfaces using such nanotechnologies requires large
equipment and facilities. Thus, it is preferable to have a surface that
self-assembles, self-organizes and can easily incorporate “cell-
friendly” macromolecules [7]. Ideally, such a surface could also
direct cell fate by means of material composition, bioactivity and
mechanical properties (see Ref. [8] for review). Polyelectrolytes
appear to provide a solution for such a surface since they allow the
precise control of the substrate properties. Surfaces formed using
polyelectrolytes could be of great advantage for the investigation of
the behaviour of cells deposited on ﬁlms. For example, in this report
we utilized the properties of the LbL polyelectrolyte ﬁlms to adjust
the extracellular environment and analyse the responses of
epithelial cancerous cells.
The construction of LbL (layer-by-layer) ﬁlms using poly-
electrolytes (PE) has the capability to provide a substrate that is non-
cytotoxic [9e11].Moreover, the surface properties of ﬁlms are easily
adjusted to be either positively or negatively charged with the
appropriate choice of terminating layer. The thickness of theﬁlm can
be adjusted by changing the number of LbL layers [9]. Such LbL
nanoassembled structures are promising tools tomodulate complex
cellular processes, such as proliferation, adhesion, differentiation
and have been extensively used for tissue engineering, tissue bio-
mimetism and biomedical applications (see Refs. [8,12] for reviews).
LbL polyelectrolyte platforms have also been previously used to
discriminate healthy cells from cancerous breast cells [13].
In this study, we report our investigations of the inﬂuence of
polyelectrolyte nanoﬁlms on prostatic cells morphology, adhesion,
growth and proliferation.We previously showed that the behaviour
of a ﬁbroblast-like pre-adipose cell line and a neuroepithelial-like
cell line could be modulated by the ﬁnal charge of PE [11]. Our
current studies expand to a broader range of cell types the available
information about the use of PE ﬁlms as cancerous cell-culture
substrates. Our results indicate that the phenotype of epithelial
cancerous prostatic cells can be modulated by choosing the
appropriate terminating polyelectrolyte to alter the surface charge
of the LbL ﬁlms. For example, a terminating layer of PAH, whichgave the LbL ﬁlm a positive surface charge, inﬂuenced the
morphology and slowed the proliferation rate of cancerous pros-
tatic cells. These studies have provided signiﬁcant information on
the ability of a self-assembled polyelectrolyte nanoﬁlm tomodulate
the growth characteristics of prostatic cancerous cells.
2. Materials and methods
2.1. Preparation of LbL (layer-by-layer) PE (polyelectrolytes) and control ﬁlms
Multi-layered polyelectrolyte ﬁlms on multi-well plates were constructed by
alternate coating of PSS (poly (sodium 4-styrenesulphonate; Sigma 243051)) and
PAH (poly (allylamine hydrochloride; Sigma 283223)) following the LbL (Layer-by-
Layer) process we have previously described for cell culture experiments [11]. The
methodology is summarized in Fig. 1A. The substrate was alternately exposed to a
solution of either PSS or PAH for 20 min on a rocking platform. Both the PSS so-
lution and the PAH solution were made at a concentration of 1 mg/ml with 0.5 M
NaCl. The ﬁlms were constructed by commencing with either PSS or PAH, then
alternating with PSS or PAH to construct the multilayered ﬁlm and then termi-
nating the ﬁlm with either PSS or PAH as indicated in the presentation of the re-
sults. Each layer was approximately 2 nm thick [11]. Between the changes of
polyelectrolyte solution, the 6-well plates were washed thoroughly with MilliQ-
grade water (18 MU cm). In this study, ﬁlms with 1, 2 or 3 alternated layers were
utilized. Therefore, 6 different coatings were studied, corresponding to 4 different
terminal layers which were either PSS (single layer), PAH (single layer), PAH/PSSter
(multilayer terminated by PSS) or PSS/PAHter (multilayer terminated by PAH). We
used untreated substrate (CT) (standard BD Falcon tissue culture-treated poly-
styrene plates, BD Biosciences, Ref. 353046) and ﬁbronectin (FIBRO) coated sub-
strates (Sigma F1141-5 mg) as controls. The ﬁlm of ﬁbronectin, at a concentration of
10 mg/ml, dissolved in phosphate buffered saline (PBS supplemented with Ca2þ and
Mg2þ ¼ PBSþ) was coated on multi-well plates by incubation of 30 min at RT
followed by a wash with PBS þ for 10 min. All the coated substrates were stored at
4 C before use.
2.2. Cell lines and culture on PE ﬁlms
PC3 cells (prostate carcinoma) were obtained from ATCC (Ref. CRL-1435). The
PC3 cells were initiated from a bone metastasis of a grade IV prostatic adenocarci-
noma from a 62-year-old male Caucasian. PC3 cells were routinely cultured in RPMi
Glutamax culture media (Invitrogen, Ref. 61870-010) supplemented with 10% foetal
calf serum (PAA, Ref. A15-101) and 1% penicillin/streptomycin (Invitrogen,
Ref. 15140-122). PNT-2 cells (normal prostate epithelia) were obtained from ECACC
(N95012613) and were routinely cultured in RPMi Glutamax culture media sup-
plemented with 10% foetal calf serum and 1% penicillin/streptomycin. In order to
minimize the protein adsorption on PE and thus to really take into account the ef-
fects of PE on cell behaviour, the rate of SVF in culture medium was drastically
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culture media. All cells were routinely cultured in a humidiﬁed atmosphere at 37 C
and 5% CO2.
Chemical dissociation of the cells was carried out by incubation for 5 min at
37 C in Trypsin-EDTA (Life Technologies, Ref. 25300-054) in calcium/magnesium-
free PBS. The cells were then seeded into wells of a 6-well plate that were coated
with the desired ﬁlm (e.g. PSS/PAH combination or ﬁbronectin control) at 25,000
cells per well and incubated in a humidiﬁed atmosphere at 37 C and 5% CO2. The
assays performed with the cells were of the initial attachment, adhesion and
proliferation.
For the initial attachment assay, 3 h was chosen to ensure a sufﬁcient and
detectable number of attached cells for this assay. A similar protocol was utilized by
Ting et al. [11]. For the morphology observation, a 72 h period was chosen to ensure
that the cells were given sufﬁcient time to interact and adhere to the surface. For the
proliferation kinetics assays, cells were maintained in culture for 24, 48, 72 and 96 h
and cell numbers (number of cells/cm2) were measured at each time. Cluster for-
mationwas observed at 72 h for PC3 and PNT-2 by phase contrastmicroscopy, at 10
magniﬁcation.
2.3. Cell proliferation assays
2.3.1. DNA synthesis
The Click-iT EdU cell proliferation assay (Invitrogen, Ref. C-10338) was used to
detect and quantify newly synthetized DNA into cells growing on different PE
coatings, including the mono or multilayers PE coatings, in 6-well plates. Hy-
droxyurea 10 mM (Sigma, Ref. H8627) was used as a positive control for cell cycle
inhibition since it blocks the cell cycle in G1/S phase and thus inhibits cell pro-
liferation. Fibronectin (2 mg/ml in PBSþ) and no-coating conditions were used as
positive controls of proliferation. The inﬂuence of the PE ﬁlms on DNA synthesis
was evaluated 72 h after having plated the cells at 8  104 cells per well. Cells were
then pulse labelled for 2 h 30 with 10 mM EdU. The modiﬁed nucleoside EdU (5-
ethynyl-20-deoxyuridine) provided in the kit is incorporated into DNA during
active DNA synthesis. Immediately after exposure to EdU, cells were trypsinized
(Trypsin-EDTA (8 min, 37 C)) and ﬁxed (PFA 4%, 15 min at RT, in PBSþ) and then
stained with the Click-it EdU detection reagent (30 min, RT, protected from light)
in order to detect EdU with the Alexa Fluor azide 555 dye according to the man-
ufacturer’s instructions. Centrifugation (5 min/600 g/RT) was then performed,
followed by a wash with PBS and 3% BSA (Bovine Serum Albumin). The superna-
tant was discarded and the pellet was re-suspended in PFA 2% in PBSþ and kept at
4 C before FACS analysis. FACS (Becton Dickinson LSR II) ﬂow cytometer was used
to scan and collect the cell data. The FACS Diva software was used to generate ﬂow
cytometry data and to estimate the proportion of proliferative cells at 72 h. Sta-
tistically signiﬁcant differences between three independent experiments were
identiﬁed using the ManneWhitney test.
2.3.2. Metabolic activity
The ATP content of proliferative and metabolically active cells was measured
using a bioluminescent assay (ViaLight Plus Kit, Lonza, LT07-221, USA). Mono or
multilayers PE coatings were ﬁrst performed in 12-well plates as described. PC3 cells
were plated in triplicate at a density of 15103 cells/well during both 48 h and 72 h.
Fibronectin and no-coating conditions were used as positive controls of prolifera-
tion. The ATP standard (Lonza, LT27-008) was used as inner control of the kit.
Following 48 h or 72 h of culture, cells werewashed, trypsinized and transferred into
96 well-plates suited for luminescence reading. Each well from the 12-well plates
was dispensed into 5 replicates of the microplate. Vialight tests were then per-
formed according to the manufacturer’s protocol. The ATP level from viable and
proliferative cells was thus determined for the two SVF conditions and for the
different PE coated substrates. Statistically signiﬁcant differences between 15 rep-
licates were identiﬁed using the ManneWhitney test.
2.4. Fluorophore labelling of actin ﬁlaments and focal adhesion points
Phalloidin was used to identify actin ﬁlaments and focal adhesion points were
detected by labelling of vinculin. Immunostaining was carried out on glass cover
slides and at room temperature throughout. PC3 cells were plated in 24-well
plate in duplicate at a density of 15,000 cells/ml/well for 48 h of culture. Then
cells were pre-permeabilized for 30 s with 0.5% Triton X-100 in 10% sucrose in
cytoskeleton buffer (CB). Cells were then ﬁxed for 20 min using 4% (v/v) para-
formaldehyde in a solution composed of 10% sucrose in CB (solution A). Then cells
were washed once with solution A and the PFA auto ﬂuorescence was quenched
by NH4Cl 0.1 M for 10 min. Cells were washed 3 times with PBSþ and non-speciﬁc
sites were blocked by exposure to 10% goat serum 3% BSA for 1 h. Cultures were
incubated with primary antibodies for 1 h (Vinculin from Sigma, Ref. V9131
diluted 1:800 in 0.1% Tween20 1% BSA in PBS), followed by 3 washes with PBSþ.
Cultures were then incubated with anti-mouse Cy5 (Jackson, USA; Ref. 115-175-
146) conjugated secondary antibody diluted 1/500 in 0.1% Tween20 1% BSA in PBS
and actin ﬁlaments were stained with phalloidin FITC (Sigma, Ref. P5282, diluted
1:1000 in 0.1% Tween20 1% BSA in PBS) for 1 h followed by 3 washes with PBSþ.
Nuclei were counterstained with Hoechst 1: 7000 for 10 min. A last wash wasperformed for 10 min and glass coverslips were mounted on glass slides with
Dako Fluorescent Mounting medium kit (Ref S3023) and stored at 4 C before
imaging.
Cells were imaged using a Leica TCS SP2 laser scanning confocal microscope
with a 63/1.32NA objective. Confocal images were taken at the interface of cell-
substrate to localize adhesive structures.
2.5. Cell morphometric analysis
PC3 cells were plated in triplicate in 96-well plates at a density of 3500 cells/
100 ml/well for 48 h of culture. The Molecular Probes CellTracker Orange CMTMR
(5-(and-6)-(((4-Chloromethyl) Benzoyl) Amino) Tetramethylrhodamine) (Life
Technologies C2927) and phalloidin were used to identify the primary target and to
characterize cells. Celltracker Orange was used at 10 mM in RPMI Glutamax culture
media and incubated with cells for 20 min at 37 C. Cells were brieﬂy washed with
PBSþ and incubated in RPMI Glutamax culture supplemented with 10% foetal calf
serum and 1% penicillin/streptomycin for 30 min at 37 C. After immunostaining
(see Section 4), the plate was stored at 4 C in PBS/Glycerol (v/v).
Image acquisition in 4 channels was carried out using a Cellomics ArrayScan
VTI HCS Reader. Twelve ﬁelds of view were imaged per well using a 20/0.4NA
objective. Image analysis was performed using the Morphology Explorer Bio-
application from ThermoFisher (supplied with the Cellomics ArrayScan VTI HCS
Reader). Segmentation was used in the Morphology Explorer software to resolve
and identify individual objects of the images (see Suppl. Info. Fig. S-3). Multi-
parametric and quantitative measurements were related to individual cell
morphology (area and roundness), intra-cellular parameter (nuclei area) as well as
to inter-cellular morphology (multicellular clusters) and to discrete objects analysis
at the level of cell membrane (number of focal adhesion points). Roundness was
deﬁned as the perimeter-to-area ratio and the minimal distance (between the
centres of the objects) to nearest neighbour was used to quantify the clustering
behaviour of cells. Statistically signiﬁcant differences between three independent
experiments were identiﬁed using the ManneWhitney test.
2.6. Cytotoxicity assays
The inﬂuence of the PE ﬁlms on the cellular apoptosis was studied using the
Annexin V-FITC cell apoptosis detection kit (Biovision, K101-100) and measured by
ﬂow cytometry after seeding cells at 25,000 cells per well of a 12-well plate, coated
with the desired PE layer, and cultured for 72 h. For apoptotic cells, the membrane
phospholipid phosphatidylserine (PS) is translocated from the inner to the outer
leaﬂet of the plasma membrane, thereby exposing PS to the external cellular envi-
ronment. Annexin V when labelled with a ﬂuorescent tag, such as FITC, was used
with ﬂow cytometry to measure this event, since it binds with high afﬁnity to cells
with exposed PS. After dissociation in Trypsin-EDTA (5 min, 37 C), cells were
collected by centrifugation (5 min, 300 g), rinsed in PBS and re-suspended in 100 ml
of 1 Binding Buffer (Biovision, K101-100). Then 5 ml Annexin V-FITC was added.
Incubation was performed at room temperature for 10 min in the dark. Annexin-
FITC binding was then analysed by ﬂow cytometry using the FITC signal detector.
Apoptotic control cells were obtained by complete serum-starving of the cell cul-
ture. Statistically signiﬁcant differences between three independent experiments
were identiﬁed using the ManneWhitney test.
2.7. Gene expression assay
Cells were plated in 6-well plates, coated with PE (PSS and PAH) at a density of
8.104 cells/3 ml/well for 48 h of culture. Uncoated (CT) and Fibronectin-coated plates
were used as controls. Experiments were performed in duplicate. Total RNA was
collected from cell pellets using the Qiagen RNeasy midi (Ref 75144) isolation kit
according to manufacturer’s recommendations. An amount of 1 mg of total RNA was
then reverse-transcribed with the SuperScript VILO Master Mix (Ref 11754
Invitrogen) according to manufacturer’s recommendations. Q-PCR was performed
using the Applied Biosystems TaqMan Universal PCR Master Mix (Ref 4304437)
on a SteponePlus Real-Time PCR system (Applied Biosystems, Foster City, CA). This
kit ampliﬁes 50 ng of target cDNA per 10 ml reaction using sequence-speciﬁc primers
and TaqMan MGB probe (6-FAM dye-labelled). Ampliﬁcation conditions were
50 C for 2 min and 95 C for 10min, followed by 40 cycles at 95 C for 15 s and 60 C
for 1 min according to manufacturer’s instructions.
Applied Biosystems TaqMan Array Human 14-3-3 Induced Intracellular
Signaling 96-well Plates were used in duplicate to quantify gene expression. Four
plates were used corresponding to the 4 conditions (uncoated surface (CT), ﬁbro-
nectin, PSS- and PAH-coated surfaces). The Gene Signature Plates contained 92 as-
says to genes associatedwith 14-3-3 induced intra-cellular signalling and 4 assays to
candidate endogenous control genes (18S, GAPDH, HPRT1, GUSB). The chosen panel
of assay targets genes which code for proteins involved in cancer, cell cycle,
apoptosis and signal transduction (see Suppl. Info. Fig. S-4, panel A).
Relative quantitation of gene expression was performed according to the DDCt
method using 18S for normalization (User Bulletin #2, PE Applied Systems 1). Fold
change in expression was then calculated using the formula 2DCt and fold changes
between experimental groups and control wells calculated to yield DCt. The
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Fig. 2. Effect of PAH and PSS on initial adhesion of PC3 (A) and PNT-2 (B). Estimated logarithm of effective initial cell number for PC3 cells (A) and PNT-2 cells (B). The y-axis
indicates the number of cells per cm2 (log N0) that were initially attached since the cells were seeded at a density of 25,000 cells/well of the 6-well plates. The cells were maintained
in culture starting 3 h before counting. The bar labelled control (CT) is for the untreated plate and ﬁbronectin-coated plate (FIBRO). The vertical line from each bar represents the
standard error of 3 replicates. ***indicates p < 0.1%, **p < 1%, *p < 5%, .:p < 10%.
N. Picollet-D’hahan et al. / Biomaterials 34 (2013) 10099e1010810102normalized Delta CT (DCt) values are represented in the heat map (see Suppl. Info.
Fig. S-4, panel D) and in the RQ Plot (see Suppl. Info. Fig. S-4, panel C) with the
fold changes. The fold change between 1.5 and þ1.5 is considered not signiﬁcant.
The row data of two independent experiments with the same set of 96-well plates
((1) and (2) in Fig. S-4, panel B) were analysed with Applied Biosystem Suite soft-
ware (v1.0.3).
2.8. Growth model
For each ﬁlm or control, the number of cells was measured by phase contrast
microscopy, at 40magniﬁcation, in triplicate at time-points 3, 24, 48, 72 and 96 h
of culture in order to report the kinetics of proliferation. Cell counting was both
performed manually and semi-automatically using ImageJ software, after contrast-
enhancement of the images. Typical random counting errors were evaluated by
recounting the cells four times (on different days). These errors depended on cell
type, due to differences of contrast. For example, the PC3 cells were easy to observe
and count and hence the counting error was less than 2% (i.e. less than 10 cells in a
total of more than 500), whereas PNT-2 cells were more difﬁcult to see and hence
the counting error was typically 10%. A table of 558 lines was then created con-
taining cell number as a function of cell type, time, coating, ﬁeld of view and
replicate. At each time-point, 3 ﬁelds of view for cell counting were considered in
each well, 2 ﬁelds in the opposite side of the well and one in the centre (Fig. 1B). The
area of each ﬁeld of view (2.3 mm2) was calibrated using a nanometric reticule,
which allowed us to report the results as the number of cells per cm2 for each
condition (ﬁlm and control) and for each time.
The cells were assumed to grow exponentially, with typical doubling time td
(Equation (1)):
NðtÞ ¼ N0,2t=td ¼ N0,exp

t
s

(1)
at a time t, where N0 was the effective initial number of cells and s deﬁned as fol-
lowed (Equation (2)):
s ¼ td
logð2Þ (2)
In order to obtain a linear model, we applied the logarithm to cell numbers
(Equation (3)):
logðNðtÞÞ ¼ logðN0Þ þ
logð2Þ
td
,t ¼ aþ b,t (3)
where a (intercept) and b (growth speed) were the unknownparameters to estimate
for each experimental conditions, namely cell type and coating. In this very simple
model, we neglected in particular saturation of cell growth, which was reasonable
since after 96 h cells were not yet conﬂuent. In addition, the delay before growing
due to adhesion time, tad, was not taken into account since it was included in the
effective initial cell number N0 (Equation (4)):
NðtÞ ¼ N0,2t=td ¼ Nr0,2ðttadÞ=td (4)whereNr0 ¼ N0,2tad=td was the real initial cell numbers, and N0 was the extrapolated
(effective) cell numbers at t ¼ 0 h. With this model, it was clear that the two un-
known parameters Nr0 and tad could not be estimated separately. However the
advantage to use all the data as a function of time (called longitudinal data), was a
better estimation of cell growth (due to more data to ﬁt) and eliminate the variation
due to initial cell numbers.
A model was developed for cell growth analysis and the statistical R language
was applied as followed. Data were ﬁtted using the statistical R language [14] and
the package lme4 [15] for linear models with mixed effects (LMME). Models with
both ﬁxed and mixed effects were compared with their maximum likelihood using
analysis of variance (ANOVA). The p-value gave the probability that the two models
were equal. However, estimation of parameters was performed with optimization of
restricted maximum likelihood (REML) [15]. Linear models with mixed effects were
particularly useful here to study the effective initial cell number N0 as a function of
the upper layer. As for classical linear regression, estimation of ﬁxed effects, such as
growth speed b, was Gaussian and the mean and standard deviation can be given.
We then computed the p-value comparing the speed growth in two different con-
ditions i and j (as bibj is also Gaussian with mean difference, and sum variance).
After comparison between different possible models, the obtained model for
PC3 cells was (Equation (5)):
logðNðtÞÞ ¼ aðupÞ þ Aðup : fieldÞ þ bðupÞ,t (5)
where the growth speed b(up) depends on the upper layer, and the intercept a(up)
depends both on the upper layer and on each ﬁeld through the random effect
Aðup : fieldÞw{{\tf="PS440D5F"a}}ð0;PqÞ which was assumed to be Gaussian. The
equivalent “ﬁxed model”, where all the intercepts are ﬁxed effects provided an
adjustedR2 ¼ 0.996, and indeed gave the same growth estimation (but slightly
different intercepts as they are less constrained in the latter model).
2.9. Statistical analysis
The ManneWhitney test was used for the assays providing few data (3 or 15
independent experiments) or for group comparison with non-normally distributed
data. The Box-and-whisker plots representation shows the upper and lower quar-
tiles (25e75%) of data with a line at the median. Whiskers extend to 1.5 times the
interquartile range (deﬁned as quartile 75%equartile 25%) and the circles show data
outside the whiskers (outliers). Data were also analysed using the statistical R lan-
guage [14].
3. Results and discussion
The concept of producing semi-permeable ﬁlms utilizing poly-
electrolytes, notably with polystyrene sulfonate, was introduced in
1960 [16] but the development of the LbL technique of assembling
polyelectrolyte ﬁlms by Decher and Hong in 1991 [9] stimulated
investigation of the use of the ﬁlms for many applications [9,17]. In
this paper PE multilayers were formed by alternate adsorption of
polyanions (PSS) and polycations (PAH) from aqueous solution (see
Fig. 3. Morphology and clustering of cancerous cells grown on PE ﬁlms. A. Immunostaining of nuclei (blue), phalloidin (green) and vinculin (red) of PC3 cells after 72 h culturing on
uncoated (a), ﬁbronectin-coated (b), PSS-coated (c) and PAH-coated (d) plastic substrates. Cells were imaged by confocal at the interface cell membrane/surface. The nuclei shapes
were observed in the xez plane. B. Morphology and clusters formation following 72 h cultures on uncoated (a), ﬁbronectin-coated (b), PSS-coated (c) and PAH-coated (d) plastic
substrates. Dotted circles indicate cluster formations of epithelial cancerous cells. C. The spacing (in mm) between different cells was quantiﬁed and is reported on left side for the
different substrates. The nucleus average area (in mm2) is reported on right side. ***indicates p < 0.1%, **p < 1%, *p < 5%. See text for the Box-and-whisker plots representation. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
N. Picollet-D’hahan et al. / Biomaterials 34 (2013) 10099e10108 10103Fig. 1A). In each step, the sign of surface charges is reversed. Most
importantly, the surface properties of the supported ﬁlms are
determined by the outermost layer that is the last deposited [13,18].
In our case, we focussed on the surface charges by using a minimal
number of polyelectrolytes layers in order to minimize the layer-
dependent factors known to inﬂuence cellular response [18]. That
is the reason why the number of depositions was limited to a
maximum of 3 alternated layers in this report. Importantly, we also
utilized culture conditions with a low concentration of serum
proteins (2% SVF) so as to reduce any artifacts due to protein
adsorption that could mask the real effect of PE on cell behaviour.
The various effects of PSS and PAH ﬁlms on the cell initial attach-
ment, adhesion, proliferation and morphology are described in the
following sections.
3.1. PE nanoﬁlms modulate adherence properties of cancerous cells
without affecting viability
The time course of cell attachment was followed for 3 h to
enable detection of a signiﬁcant number of attached cells. At least
50% of the cells adhered to the PE surfaces within the ﬁrst 3 h after
seeding. The initial attachment of PC3 cells to the PAH-terminating
PE ﬁlm or PSS-terminating PE ﬁlms was signiﬁcantly higher
compared to ﬁbronectin control conditions, which suggested that
PE layers favour the initial attachment of cells to the surfaces
(Fig. 2A). In contrast the initial attachment of PNT-2 cells to eitherPAH-terminating surfaces or the PSS-terminating surfaces was not
signiﬁcantly different to that on the uncoated plastic surface or
ﬁbronectin ﬁlm (Fig. 2B). PAH has been reported to enhance early
adhesion of human umbilical vein endothelial cells in the PSS/PAH
multilayer system while also promoting long term adhesion and
growth [17]. In our case, surprisingly, although PAH favoured initial
attachment, it slowed the long term adhesion (Fig. 3A) and the
growth rate of PC3 cells (see Fig. 5A and also Fig. S-2). After 72 h of
culture, our results indicated that neither PAH nor PSS were cyto-
toxic to the PC3 cells since, regardless of the number of layers, the
PE ﬁlm induced the apoptosis of less than 8% of the cells (Fig. S-1).
This was also the case for PNT-2 cell lines (data not shown).
Confocal observations of cells adhering during 72 h (Fig. 3A)
suggest that the PAH-terminating PE ﬁlms provided a surface that
does not favour the long term adhesion of cancerous prostatic cells.
Some adhesive structures (pseudopodia) and membrane rufﬂes
were observed on PSS-terminated surfaces with co-localisation of
vinculin and phalloidin. Vinculin is a cytoskeletal protein associated
with cellecell and cell-matrix junctions, where it is thought to
function as one of several interacting proteins involved in
anchoring F-actin to the membrane (Fig. 4A and B). In contrast, on
PAH-terminated substrates the cells extended very few membrane
extensions and no pseudopodia, which was consistent with a lack
of adhesion. This result was also consistent with the reduction in
the number of Vinculin spots on PAH compared to the other sub-
strates (Fig. 4C). Furthermore, the cell nuclei remained high in
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surface of PAH-terminated substrates, which also indicates a lack of
adhesion. In comparison, on PSS-terminated surfaces cells were
spreading at the surface, with lower height and larger overall
contact area. The hydrophobic property of PAH could explain the
reduced cell adhesion [20]. In contrast PAH did not signiﬁcantly
affect the prostatic cell area or the cell shape (roundness) as
compared to PSS and control conditions (Fig. 4C).
3.2. PE inﬂuences the growth and functional response of cancerous
cells
Different methods were used here to assess the cell growth, the
DNA synthesis and ATP levels. The kinetics of proliferation was
analysed using a statistical model that enabled examination of the
effect of upper layers of PE on the cell response. All our results
suggest that prostatic cancerous cells are inﬂuenced by PE coatings
and more speciﬁcally by PAH coatings. The PAH coating induced amorphological change of cancerous cells and a distinct inﬂuence on
cell growth behaviour.
PE coatings modulated the response of cancerous cells in terms
of kinetics of proliferation (Fig. 5). PC3 cells proliferation rates
were lower on PAH as compared to controls, with a doubling time
of 30.9 h on PAH compared to the expected 20.1 h on ﬁbronectin
(Fig. 5A). Cell growth was slightly decreased on PSS as compared to
ﬁbronectin but remained higher than on uncoated surfaces.
Amongst all conditions, PAH remained the coating that slowed PC3
proliferation in a signiﬁcant manner compared to control (p-
value ¼ 5.6  103). In contrast, with PNT-2 cells, no signiﬁcant
difference was observed amongst the surfaces and the doubling
time remained quite stable (around 30 h), which was similar to
that on ﬁbronectin or uncoated substrates (Fig. 5A). Even if the
signiﬁcance was lower for PNT-2 cells, we observed the same
pattern of layers to favour or disfavour growth for both cell lines.
More precisely, these layers are PAH < CT < PSS < FIBRO, with PAH
slowing cell growth, whereas ﬁbronectin accelerating cell growth
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is similar to that of PNT-2 in all conditions, namely around 30 h.
To further evaluate the effects of PE coatings on proliferative and
metabolically active cells, we monitored both the DNA synthesis
over time and the ATP levels. EdU-pulse labelling revealed a sig-
niﬁcant decrease in the proliferation rate of PC3 cells in terms of
DNA synthesis, onlywhen cells were grown on PAH (single layer) or
PAH-terminated layer (Fig. 5B). This effect was conﬁrmed with the
Vialight test that showed a decrease of metabolically active cells
only on PAH-terminated substrates (Fig. 6). This effect was more
pronounced between 48 h (Fig. 6A) and 72 h (Fig. 6C) while a slight
decrease compared to controls was observed at 72 h with PSS
(Fig. 6C). In order to properly consider the inﬂuence of PE ﬁlms
independent of serum proteins, tests were also performed in “low-
serum” conditions (2% SVF). Results showed that the diminishing
effect of PAH coating on proliferationwas similarly observed in both
conditions, either with 10% SVF (Fig. 6C) or 2% SVF (Fig. 6D) while
the starting effect of PSS observed at 72 h (Fig. 6C) was not
conﬁrmed when moving from 10% SVF to 2% SVF (Fig. 6D). The
Vialight test also conﬁrmed the signiﬁcant effect of PE upper layer
on reducing proliferation since PAH coating either with monolayer
or two layers reduced the amount of metabolically active cells
(Fig. 6F) whereas a PSS-terminated layer, even coupled with alter-
nating PAH ﬁlm, did not inﬂuence the rate of metabolically active
cells grown on control (uncoated) surfaces (Fig. 6E). As expected,
the ﬁbronectin coating improved the adhesion of the cells to the
uncoated tissue culture plastic (CT). This was observed particularly
in low-serum (2% SVF) conditions, which was probably due to the
reduced adsorption of serum proteins to the surface revealing the
real effect of the coating. Note that a higher variability in data was
generally obtained on uncoated surfaces compared to ﬁbronectin-
coated surfaces, as it was observed in Fig. 6C for example. For this
reason the PE ﬁlms and the untreated substrates were always
compared to the ﬁbronectin ﬁlm. It is interesting to note that
whatever the conditions (48 h versus 72 h, or 10% SVF versus 2%
SVF), the PAH coating provided less proliferating active cells than in
control conditions (CT and FIBRO) or than in PSS conditions.
To further evaluate the effect of PE coatings on cell growth, we
developed different models that were compared using ANOVA (see
Suppl. Info. Fig. S-2). In particular, model m1 where the slope
depended only on the upper layer as compared with m2, where the
slope b depended on the entire coating (see Suppl. Info. Fig. S-2).The obtained p-value between m1 and m2 was 0.25 for PC3, and
0.85 for PNT-2, meaning that cell growth depended only on the
upper layer for these two cell types. The ﬁtted lines shown in Fig. S-
2 in the particular case of PAH shows the non-signiﬁcant difference
in the slope between both models.
This altered behaviour of cells on PE surfaces could be due to the
physical properties of the ﬁlm in terms of roughness, surface
charges or hydrophilicity properties since PSS and PAH provide
such different properties. We previously showed that a PAH-
terminated surface demonstrated lower roughness at the nano-
scale and were less hydrophilic that a PSS-terminated surface [11].
Our previous report was consistent with other studies [21] that
suggested also that the roughness is more signiﬁcant than the hy-
drophilicity in enhancing the proliferation of cells. However, the
roughness of PSS or PAH layers remains lower than 1 nm in both
cases [21] and according to Graisuwan [18], such a few number of
deposited layers (maximum of 6 nm thick in this study) would not
signiﬁcantly affect the roughness of the outermost layer. With
respect to surface charges, as we expected for early adherence, the
positively charged PAH surface performed better than PSS in
attracting cells (in the case of PNT-2 this was not signiﬁcant
(Fig. 2B)) since the eukaryotic cells display a net negative surface
charge and hence are more likely to be attracted to cationic sub-
strates. The initial attachment assay provides a means to test how
cells attach to the surface during the ﬁrst few minutes of contact
and initial adhesion of cells on PAH surfaces was even enhanced as
compared to ﬁbronectin and uncoated surfaces.
In contrast to initial attachment, the long-term adhesion assays
involve the interaction of cells with the extracellular matrix, which
typically is synthesized by the cell after several hours of contact.
The results from our experiments suggest that during the ﬁrst
minutes of exposure of cells electrostatic interaction occurred be-
tween cells and PAH at the surface but, at longer time PAH likely
does not provide the appropriate environment required to produce
the needed extracellular matrix or indeed inhibits the cell attach-
ment to extracellular matrix. Even for initial adhesion, surface
charges may not be sufﬁcient. For example, in the serum-reduced
culture conditions PSS improved cell proliferation of uncoated
and PAH surfaces (Fig. 6D), although we could have expected the
opposite due to repulsion between negatively charged surfaces. We
could also speculate that the amounts of serum proteins, or
possibly the structural/orientation changes of cell attachment-
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prevent cells from long-term adhesion and matrix synthesis.
However, this hypothesis does not seem to be possible since the
low adhesion was observed both at 10% and 2% serum. Other ex-
planations include the possibility that cancerous cells have less
integrins expressed at their cell surfaces, or exhibit low adhesive-
ness between integrin and PAH surface as was previously observed
by Seo with metastatic cells [13].
Such opposing results about the surface charge effect on
changes to the cell phenotype have already been reported in the
literature and this has not really been generalized [22]. Seo [13] for
example showed that the proliferation of ﬁbrocystic disease and
metastatic breast cancer cells were affected negligibly by surface
charge, although a highly improved proliferation for normal breast
cells was observed with positively charged LbL ﬁlms. Other studies
also highlighted the complex mechanisms of interactions between
PAH surfaces and cell membranes and concluded that interactions
other than electrostatic ones, resulting from conformational as well
as chemical compositions, should be involved to explain the ac-
tivity of such cationic biopolymers as PAH or Chitosan [23,24].
In order to better understand the lack of cell adhesion and the
morphologic changes observed upon PAH substrates, we investi-
gated the molecular mechanisms that underlie the PAH effect on
PC3 cells using gene signature plates pre-conﬁgured for InducedIntracellular Signalling pathway. It is important to note that the
gene pathways related to apoptosis and stress were not affected by
the PAH surface (see Suppl. Info. Fig. S-4) conﬁrming for part our
data on apoptosis (see Suppl. Info. Fig. S-1). However, the PAH
surface did slow the rate of cell proliferation, prevented the clus-
tering process, and reduced the number of focal adhesion points
without the PAH surface being cytotoxic (and hence did not simply
cause cell death). Thus, the micro-environment provided by the
PAH surface modulates directly the growth responses of the
cancerous cells via local membrane-related events that remain to
be characterized.
Metastatic cells such as PC3 are naturally very aggressive and
hyper-proliferative. Our studies have clearly shown that the PAH
micro-environment reduces the hyper-proliferation of cancerous
prostate cells, and this in contrast to tissue culture plastic, ﬁbro-
nectin and PSS. Moreover, that effect of PAH was preserved even
when the serum was reduced to very low levels. This raises two
interesting possibilities. The ﬁrst is whether PAH generally provides
a better and less artiﬁcial micro-environment compared to the
classical tissue culture plastic. The second is whether PAH specif-
ically modulates the natural hyper-proliferative responses of met-
astatic cells. We observed that for normal prostate cells the type of
surface (i.e. PAH, plastic, ﬁbronectin, PSS) did not inﬂuence the cell
responses. However, although it is difﬁcult to discriminate between
N. Picollet-D’hahan et al. / Biomaterials 34 (2013) 10099e10108 10107those two possibilities, it is possible to draw a conclusion that PAH
may have a more general application in modulating appropriate
cell culture conditions; for example, by ensuring that the surface is
“friendlier” and hence the cells do not need an artiﬁcially high
amount of serum (as in 2D culture) to compensate for continued
growth. In considering the limitations of utilising 2D culture con-
ditions in attempting to differentiate those two previous possibil-
ities, we have recently developed a microtube culture system that
closely mimics the natural ductal structure of exocrine glands
(submitted for publication). Using that system, we observed a
similar response of the cancerous PC3 cells in 3Dmicrotubes coated
with PAH (see Suppl. Info. Fig. S-5). That microtube culture system
allows further systematic investigations of the growth of cells in a
ductal structure in which the surface polyelectrolyte and the
physiological ﬂow conditions can both be controlled.
3.3. PE modulate cancerous cells clustering phenotype
As PC3 and immortalized normal prostate cells migrate and
proliferate they form multicellular structures or clusters with celle
cell contacts, as we have observed in this study (Fig. 3B). At 72 h,
sub-conﬂuence conditions are obtained so that islands do not yet
merge to form a continuous monolayer. On PSS coated substrates
PC3 cells organize into clusters, similarly to what was observed in
control (ﬁbronectin). This was also observed on PSS multilayers
terminated ﬁlms (2 or 3 layers) (data not shown). By contrast, on
PAH (single layer) and PAH-terminated ﬁlms (2 or 3 layers) loose
attachment or no clusters were observed with PC3 (Fig. 3B-d). This
observation was conﬁrmed by a signiﬁcant increase in the spacing
between different cells grown on PAH comparatively to other
substrates (Fig. 3C). PNT-2 cells organize into clusters whatever the
substrate and in the sameway as in control conditions (ﬁbronectin)
(data not shown). The observation that PAH-terminated substrates
but not PSS-terminated substrates were likely to prevent the for-
mation of clusters would suggest that only the last layer in contact
with cells provides the inﬂuence on cell morphology. That is, the
terminated PSS layer promotes cell clustering whereas the termi-
nated PAH layer prevents it. That particular effect of the terminat-
ing layer was also observed for the cell growth as determined by
growth models. By contrast, the PSS and PAH coatings, whatever
the terminated layer is, do not inﬂuence PNT-2 morphology and
clusters are always observed on all substrates suggesting that PNT-
2 cellecell interactions are not affected by PE coatings.
For biomedical applications, surface properties have generally
been developed to enhance cellular adherence and growth [25,26].
In contrast, we report that PAH-terminating ﬁlms provide a good
means to reduce the hyper-proliferative growth of cancerous cells.
This suggests that through modulating surfaces with PE coatings, it
is possible to alter the responses of tumour cells. Also, our studies
open new avenues for drug discovery aimed at inhibiting cancer
progression by providing a controllable micro-environment, as
recently proposed [3].
4. Conclusion
We report that the PAH-terminated PE ﬁlm provided a non-
cytotoxic environment that modulates the growth rate of cancerous
prostatic PC3 cells. The PC3 cells proliferated at a slower rate on PAH
than on PSS orﬁbronectinﬁlms. In contrast, the immortalized normal
prostatic cells appear insensitive to variations in PE coatings. These
observations provide a very practical outcome to be able to direct the
behaviour of cancerous cells through the design of the polyelectrolyte
micro-environment. Surface properties have been generally devel-
oped to enhance cellular adherence and growth for biomedical ap-
plications. In this study we show that PAH prevented long-termadhesion of cancerous cells and subsequently slowed down cell pro-
liferation, altered the clustering phenotype, and reduced the number
of adhesion focal points as compared to ﬁbronectin or PSS surfaces.
Signiﬁcantly, thoseobservationswere conﬁrmed in culture conditions
of lowadded serum. Our approach offers a tool to ﬁne-tune responses
of tumour cells through the control of mechanical or biophysical
properties of PE.More generally, our results provide support for these
studies to investigate the response of cancer cells to changes in their
micro-environment. Our results also give the basis for our ongoing
development of 3D lab-on-chip applications. For example the engi-
neering of such new cell culture systems can provide insights in the
mechanisms controlling epithelial polarity.Acknowledgement
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